Magnesium alloy AZ31B plastically deforms via twinning and slip. Corresponding to the unidirectional nature of twinning, the activity of twinning/detwinning is directly related to loading history and materials texture. Using the elastic viscoplastic self-consistent model implementing with the twinning and detwinning model (EVPSC-TDT), we revisited experimental data of AZ31B sheets under four different strain paths: (1) tension-compression-tension along rolling direction, (2) tension-compression-tension along transverse direction, (3) compression-tensioncompression along rolling direction, and (4) compression-tension-compression along transverse direction, and identified the dominant deformation mechanisms with respect to the strain path. We captured plastic deformation behaviors observed in experiments and quantitatively interpreted experimental observations in terms of the activities of different deformation mechanisms and the evolution of texture. It is found that the in-plane pre-tension has slight effect on the subsequent deformation, and the pre-compression and the reverse tension after compression have significant effect on the subsequent deformation. The inelastic behavior under compressive unloading is found to be insignificant at a small strain level but pronounced at a large strain level. Such significant effect is mainly ascribed to the activity of twinning and detwinning.
I. INTRODUCTION
MAGNESIUM (Mg) alloys are the lightest structural materials but have poor formability at room temperature because of insufficient available slip systems. Experimental and modeling efforts have made tremendous progress in understanding the correlation between mechanical behavior and deformation mechanisms. [1] [2] [3] [4] Basal hai slip ( 0001 f gh1120i) is the major dislocation-based plastic deformation mechanism at room temperature. Non-basal slip deformation mechanisms, Prismatic hai slip (f1010gh1120i) and Pyramidal hc þ aislip (f1122gh1123i), are relatively difficult to be activated at room temperature because of the high resistance and the low mobility associated with the nonplanar core of the respective dislocations. [5] To accommodate arbitrary deformation under mechanical loading, f1012gh1011i extension twins are commonly activated at room temperature. Differing from slips that take place regardless of the direction of the resolved shear stress, the extension twin can only be activated by an effective tension stress along c-axis. Consequently, detwinning occurs in a twin when the load is reversed. [6] Thus, the activity of twinning and detwinning is correlated to loading direction and materials texture. Under complex strain paths, such as cyclic tensioncompression, shear, and torsion, twinning/detwinning will induce the characteristic phenomena: unsymmetrical or symmetrical hysteresis loops of stress-strain curves, [1] [2] [3] [4] [5] [6] [7] [8] [9] inelasticity during unloading, [1, 2, 10, 11] and the low yield stress upon load reversals, [12] etc. To understand the role of different deformation mechanisms in developing characteristic deformation phenomena with respect to loading, deformation history, and texture, quantitative modeling efforts are essential but lag behind experimental studies because of the lack in the modeling capability of describing both twinning and detwinning. In the early models, slip is considered as the major plastic deformation mechanism. [13] Twinning (detwinning was missed) was considered to be responsible for the reorientation and hardening evolution under monotonic loading conditions. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] Several phenomenological models have been developed to simulate both twinning and detwinning. [25] [26] [27] [28] For example, Li et al. [25] proposed a phenomenological approach to study the mechanical behavior of AZ31B sheet under cyclic loading. However, this approach gives an abrupt transition during strain path change instead of a gradual elastic-plastic transition, and is not able to capture texture evolution. Hama et al. [28] implemented their phenomenological twinning and detwinning model into a crystal plasticity finiteelement method and studied the nonlinear response arising during unloading under in-plane uniaxial com-pression of a rolled magnesium alloy sheet. They qualitatively built the correlation between nonlinear behavior and twinning activity, but they produced a less accurate stress-strain curve. A research team led by Tome´[ 5, 29] proposed a sophisticated composite grain (CG) model to describe twinning and detwinning, which has been implemented into the viscoplastic self-consistent (VPSC) framework. [20] In the CG model, twinning is only related to the resolved shear stress in the untwined domain (matrix), and detwinning is only related to the resolved shear stress in the twinned domain (twin). This treatment assigns the plastic deformation associated with twinning to the matrix and the plastic deformation associated with detwinning to the twin domain, rather than assigning the plastic deformation to the composite entity. To overcome this shortage, Wang et al. [30, 31] developed a twinning and detwinning (TDT) model in which twinning and detwinning are related to the resolved shear stresses in both the matrix and twin and their volume fraction. The TDT model, which has been implemented into the elastic viscoplastic self-consistent (EVPSC) framework, [32] has been examined to have the ability of capturing the role of both twinning and detwinning in plastic deformation for Mg alloys under different loadings [33] [34] [35] [36] [37] and is employed in the current study.
AZ31B sheets when formed are commonly subjected to in-plane loadings, i.e., compression, tension, and shear parallel to the sheet plane. Lou et al. [2] experimentally studied deformation behaviors of AZ31B sheets under different loadings: (1) tension-compression-tension along rolling direction (RD), (2) tension-compression-tension along transverse direction (TD), (3) compression-tension-compression along RD, and (4) compression-tension-compression along TD. They built a working model of deformation mechanisms on the basis of predominantly basal slip for initial tension, twinning for initial compression, and detwinning for tension following compression. Hama et al. [38, 39] experimentally studied the work-hardening behavior of AZ31B sheets with respect to loading history and loading cycles, and found the change in the rate of work hardening is strongly related to twinning. Piao et al. [40] experimentally studied the transition temperature for dominant deformation mechanisms (slip vs slip-plus-twinning) with respect to loading paths and found that the transition temperature depends on the strain rate according to a critical Zener-Hollomon parameter. However, the quantitative correlation between deformation behaviors and deformation mechanisms during different deformation stages and the prestraining influence on the further deformation are difficult to reveal only based on the experimental study because of the difficulty in measurement of twin volume and activities of various deformation mechanisms.
Employing the EVPSC-TDT model, i.e., the elastic viscoplastic self-consistent (EVPSC) model [41] [42] [43] [44] [45] [46] implementing with the TDT model, we revisited experimental data of AZ31B sheets [2] and studied plastic deformation behavior of AZ31B sheets under the four different strain paths. With the advantage of modeling in terms of quantitative evaluation of the contribution of different deformation mechanisms to plastic deformation, we predicted the dominant deformation mechanisms with respect to each strain path and evaluated pre-strain influence on the subsequent deformation. The experimental observations are quantitatively related to the activities of deformation mechanisms, the evolution of twin volume fraction and texture.
II. EVPSC-TDT MODEL
The EVPSC model treats each grain as an ellipsoidal inclusion embedded in a homogeneous effective medium (HEM) which is an aggregate of all grains. Interactions between each grain and the HEM are described through the Eshelby inclusion formalism. [47] From the evaluation of the self-consistent schemes, Affine self-consistent scheme was found to give the best overall performance and wasemployed in the present study. [24] Both the inclusion and the HEM can undergo elastic and plastic deformations. Elastic deformation of a crystal is related to the stress through the elastic constants. Plastic deformation of a crystal with the HCP structure is accommodated by slip and twinning system s a ; n a ð Þ. Here, s a and n a are the slip/twinning direction and the direction normal to the slip/twinning plane for system a, respectively. The plastic strain rate tensor for the crystal can be expressed as
in terms of the shear rate _ c a and the Schmid tensor where _ c 0 is a reference shear rate, s a cr is the critical resolved shear stress (CRSS), and m is the strain rate sensitivity.
The evolution of the critical resolved shear stress (CRSS) s a cr is given by
j jdt is the accumulated shear strain in the grain and h ab are the latent hardening coupling coefficients which empirically account for the obstacles on system a associated with system b.ŝ a is the threshold stress and is defined by an extended Voce law:
where s 0 , h 0 , h 1 , and s 0 þ s 1 are the initial CRSS, the initial hardening rate, the asymptotic hardening rate, and the back-extrapolated CRSS, respectively.
The plastic deformation associated with twinning and detwinning is calculated by TDT model. [30, 31] TDT model introduces four operations associated with twinning and detwinning, i.e., twin nucleation, twin growth, twin shrinkage, and re-twinning. Twin nucleation (TN) creates a new twin in a twin-free grain and accordingly splits the grain into an un-twinned domain (matrix) and a twinned domain (twin). Both twin nucleation and twin growth expand the twin. When loading in the opposite direction, detwinning operates by twin shrinkage and retwinning. Within a twin, re-twinning (or secondary twinning) activates a twin variant which could be same or different from the pre-existing twin variant. [48] The volume fractions associated with both twin nucleation and re-twinning in a grain are set to be small in the TDT model. The evolution of twin volume is thus accommodated by both twin growth and twin shrinkage.
In order to incorporate the effect of the stress difference in the matrix and twin, twin growth is accomplished via matrix reduction (MR) in the matrix and twin propagation (TP) in the twin, and twin shrinkage is accomplished via matrix propagation (MP) in the matrix and twin reduction (TR) in the twin. Correspondingly, the plastic strain accommodated by MR and MP is attributed to the matrix. Similarly, the plastic strain accommodated by TP and TR is attributed to the twin. For the mechanisms MR and TR, the shear rate associated with twinning system a can be written as
where the subscript I represents operations MR and TR. The resolved shear stresses s a of operations MR and TR are, respectively, calculated from the stresses in the matrix and the a th twin. s a cr is the critical resolved shear stress of a th twinning (detwinning) system. The change in twin volume fraction is represented by
where the characteristic twinning shear strain c tw is chosen to be 0.129 for extension twinning systems of magnesium alloys. [15] For the operations TP and MP, the shear rates associated with twinning system a can be written as
where the subscript I represents operations TP and MP. The resolved shear stresses s a of operations TP and MP are, respectively, calculated from the stresses in the a th twin and the matrix. The change in twin volume fraction is represented by
The net evolution of twin volume fraction associated with twinning system a is governed by
where f M is the volume fraction of the matrix. i.e.,
Because it is rare that a grain can be fully twinned, a threshold value is defined to terminate twinning. The threshold volume fraction V th is defined as
where A 1 and A 2 are two statistical parameters and determined according to experiments. V acc represents accumulated twin fraction, i.e., the weighted volume fraction of the twinned regions. V eff represents effective twinned fraction, i.e., the weighted volume fraction of the twin terminated grains. Although Eq. [10] is similar to that used in the predominant twin reorientation (PTR) model, [19] the reorientation of grains associated with TDT model and the PTR model is different. TDT model reorients only the twinned regions associated with the twin volume fraction f a , while PTR model reorients the whole grain suddenly when the twin volume fraction reaches V th .
III. PLASTIC DEFORMATION OF MAGNESIUM ALLOY AZ31B SHEET

A. Model Parameters
The EVPSC-TDT model for modeling magnesium alloy AZ31B sheets includes three types of slip systems, Basal hai slip ( 0001 f gh1120i), Prismatichai slip (f1010g h1120i) and Pyramidal hc þ ai slip (f1122gh1123i), and one extension twinning system f 1012gh1011i. These deformation mechanisms are denoted as Bas, Pri, Pyr, and ET in corresponding figures, respectively. The initial crystallographic texture of the sheet [2] is discretized to 4104 grains with independent orientations and weights. The discretized initial texture is used for all the simulations in this work. The room temperature elastic constants are C 11 = 58.0 GPa, C 12 = 25.0 GPa, C 13 = 50.8 GPa, and C 44 = 16.6 GPa. [49] Being consistent with the strain rate sensitivity of magnesium alloys at room temperature (on the order of 10 À2 ), [50, 51] the strain rate sensitivity in our model is chosen to be m = 0.05 for all slip/twinning systems. The reference slip/twinning rate is prescribed to be _ c 0 ¼ 0:001 s À1 . We calibrated model parameters through fitting the measured stressstrain curves of AZ31B sheet that has been experimentally tested under monotonic tension and compression by Lou et al. [2] Because the 3.2 mm thickness specimen failed under uniaxial compression around 8 pct, which is not large enough to obtain all parameters, the compressive stress-strain curve of the 6.4 mm thickness specimen is used as complementary of determining the parameters. In the simulations of uniaxial tension, a macroscopic strain rate _ e ¼ 0:001 s À1 is prescribed along the loading direction. All parameters calibrated from the experimental data are listed in Table I (without losing the generality, the CRSSs associated with twinning/ detwinning mechanisms TN, TG, TS, and RT are prescribed to be the same). The latent hardening coefficients are fitted to be h ab ¼ 1, which has been demonstrated to reach good agreement between numerical results and the corresponding experimental data. [34] [35] [36] [37] Figure 1(a) shows the agreement between the predicted results using the EVPSC-TDT model and experimental curves for both monotonic tension and compression tests. We examined the reliability of our model with the calibrated model parameters by modeling the other independent experiment where the tested material is rolled AZ31 Mg alloy with an intense basal texture. Figure 1(b) shows the comparison of twin volume fraction between our prediction and the experimental data measured by Lou et al. [2] and Hong et al. [52] Our model well reproduces the evolution of twin volume fraction, which increases monotonically and saturates eventually after a strain of 7 pct.
B. Plastic Deformation of AZ31B Sheet
In the following, we applied the EVPSC-TDT model with the calibrated parameters to simulate plastic deformation of AZ31B through strain control under four different strain paths: (1) tension-compressiontension along rolling direction, (2) tension-compression-tension along transverse direction, (3) compression-tension-compression along rolling direction, and (4) compression-tension-compression along transverse direction.
Tension-compression-tension
We well reproduced the measured stress-strain curve of a 3.2-mm-thick AZ31B sheet under cyclic tensioncompression-tension loading along RD, [2] as shown in Figure 2 (a). More importantly, we predicted the dominant deformation mechanisms with respect to each loading stage (Figure 2(b) ). During the first loading stage, tension from P 0 to P 1 , the plastic deformation is mainly accommodated by prismatic slip. During the subsequent compression from P 1 to P 2 , the dominant deformation mechanisms change to both extension twin and basal slip. Due to the creation of twins during the compression, the tension following the compression from P 2 to P 3 is accommodated by detwinning up to a strain of 0.038 and then by prismatic slip. The detwinning ends at a strain of 0.038, which is close to the tensile pre-strain of 0.043, implying the exhausting of twinned part. Figure 2(c) shows the strains as a function of the applied strain. Twinning/detwinning makes the major plastic strain rather than slips once twining/detwining is activated. This can be ascribed to the lower critical resolved shear stress for twinning/detwinning than that for slips. The unsymmetrical hysteresis of the stressstrain curve is attributed to the alternately activated twinning and detwinning deformation mechanisms. Regarding the evolution of texture (Figure 2(d) ), the typical basal texture at state P 1 is mainly resulted from the prismatic and basal slips. However, the typical basal 12  10  80  5  1  Prismatic  80  35  400  20  1  Pyramidal  120  120  800  0  1  Extension twin  45  0  0  0  1  0.75  0.8 Without losing the generality, the CRSSs associated with twinning and detwinning are prescribed to be the same. . (b) Evolution of twin volume fraction under uniaxial compression. Experimental data are taken from Hong et al. [52] texture at state P 3 is a consequence of detwinning from the twinning-induced texture at state P 2 , because twinning mainly accommodates the compression from P 1 to P 2 and detwinning accommodates the following tension from P 2 to P 3 . The influence of the pre-strain on mechanical behavior is studied for AZ31B sheet that is subject to a tensile pre-strain along TD and a following compression and tension strain of~7 pct. Figures 3(a) through (d) shows the modeling and experimental stress-strain curves with respect to the tensile pre-strain of 1.7, 4.0, 7.1, and 16.5 pct, respectively. The modeling results overall agree well with the experiments. The dominated deformation mechanisms during each strain path are predicted to be prismatic slip during the pre-tension, twinning during the following compression, and detwinning to prismatic slip during the final tension. This is evidenced by the evolution of the twin volume fraction (Figure 3(e) ). The twin volume fraction remains small during the pretension, increases rapidly (twinning) to around 80 pct during the following compression, and decreases rapidly (detwinning) up to the strain that is close to the pretension strains during the final tension. It is noticed that the critical stress associated with twinning in our simulations deviates from the measured stress, and the deviation increases with the increase of the tensile prestrain. For example, the yield stresses for twining in experiments/simulations are 119/112, 123/113, 140/114, and 163/131 (MPa) for the tension pre-strain of 0.017, 0.04, 0.071, and 0.165, respectively. This difference is ascribed to the low estimation of critical resolved shear stress for twinning in our model. To test this, we simulated a case at a tensile pre-strain of 7.1 pct by increasing the critical stress from 45 to 65 MPa. The results show the expected feature but the yield stresses (at P 2 and P 3 ) associated with twinning or detwinning increase accordingly. In addition, the yield stress (at P 2 ) in experiments and simulations also increases with the increase of the tensile pre-strain. This discrepancy of the critical twinning stress observed in our simulations and experiments implies the necessity of the hardening effect on twinning, i.e., critical resolved shear stress for twinning should be related to deformation history, which will be developed in our future work for improving the TDT model. Figure 4 (a) shows the predicted stress-strain curves of AZ31B sheet under the cyclic compression-tensioncompression along RD. The compressive strain of 7.2 pct from P 0 to P 1 almost exhausts the twin development [compared to the monotonic compression in [2] and fitting stress and strain curves; (b) relative activities among various deformation mechanisms; (c) the evolution of strains associated with elastic, plastic, slip-induced, and twin-induced; (d) predicted crystallographic textures of the AZ31B sheet at states of P 1 , P 2 , and P Figure 1(a) ]. The twin volume fraction increases monotonically up to around 80 pct at state P 1 . During the following reverse straining from P 1 to P 2 , the stressstrain curve shows the typical sigmoidal shape. According to the predicted relative activity of the deformation mechanisms (Figure 4(b) ), the process from P 1 to P 2 can be divided into two stages: P 1 to the zero strain (e 11 ¼ 0) and the zero strain to P 2 . The dominant deformation mechanism during the first stage is the extension twin. However, the dominant deformation mechanism changes to prismatic slip during the second stage. The further reverse straining from P 2 to P 3 is similar to the case under uniaxial compression, experiencing initial twinning and later prismatic slip. The quantitative analysis of strains associated to deformation mechanisms (Figure 4(c) ) shows that twinning can only accommodate~5 pct of the compressive strain out of the total strain of~7 pct, and detwinning entirely recovers the twin strain when reverse loaded adequately. Figure 4(d) shows the predicted crystallographic textures of the AZ31B sheet at states P 0 , P 1 , P 2 , and P 3 . The texture at state P 1 shows a typical twinned texture under in-plane compression, indicating the fully twinned AZ31B sheet under compression from P 0 to P 1 . At state P 2 , a strong basal texture is predicted under subsequent tension from the texture at P 1 . Again, a fully twinned texture is predicted at state P 3 under the subsequent compression from a strong basal texture at state P 2 . This is consistent with the twin-associated strain shown in Figure 4(c) .
Compression-tension-compression
The influence of the compression pre-strain on mechanical behavior is studied for AZ31B sheet that is subject to a compressive pre-strain along TD and a following tension and compression strain of~8 pct. Figures 5(a) through (e) shows the modeling and experimental stress-strain curves with respect to the compressive pre-strain of 0.5, 1.5, 2.1, 4.6, and 7.2 pct, respectively. The modeling results overall agree well with the experiments. The twin volume fraction evolution with respect to the accumulated strain e acc 22 is shown in Figure 5 (f). The larger the compressive pre-strain, the more the volume fractions associated with twinning and detwinning in the pre-compression and the following tension. Deformation during the initial and final compression stages is dominated by twinning before twinning is saturated. Once deformation twinning is saturated, the dominant deformation mechanisms are switched to basal and pyramidal slips. The final compression accumulates almost the same twin volume fraction regardless of the pre-compression strain. Again, we noticed that the deviation of critical stress predicted in our models from the experiments seems increasing with the increase of the compressive pre-strain. This is similar to the discussion in Section III-B-1. We thus performed the similar test by increasing the critical twinning stress from 45 to 65 MPa, the results show the expected feature but the yield stress at the initial compression increases accordingly. Thus, considering the hardening effect on twinning with the deformation history is essential in modeling the plastic deformation related to twinning and detwinning. Figure 6 presents the predicted crystallographic textures associated with compression-tension-compression along TD at states P 1 , P 2 , and P 3 . The bigger the compressive pre-strain applied, the larger will be the portion of the grains rotated to twinned orientations. The twinned or partially twinned grains by the initial compression will rotate back and align their c-axes parallel to ND. This corresponds to the typical basal texture at state P 2 . After the final compression, the AZ31B sheet is fully twinned at state P 3 . The influence of the following tension strain on material behavior is studied for AZ31B sheet that is subject to a compressive pre-strain of 7 pct along TD and the following reverse tension (RT) strains in a range of 1.35 to 10.79 pct and a fully reversed compression strain. Figure 7 shows the experimental and predicted stress-strain curves (the stress-strain curve for e RT ¼ 0:0253 is not shown for brevity). The sigmoidal stress-strain curve is not obvious when the following tensile strain is small (<0.0569), indicating the less activity of detwinning. With increasing the following tensile strain, the sigmoidal stress-strain curve appears associated with detwinning and prismatic slip. The final compression is affected significantly by the previous tension. The larger the tensile strain (more detwinning) applied, the more is the strain accommodated by twinning, as evidenced in Figure 7 (f), which shows twin volume fraction evolution with respect to the accumulated strain.
Inelastic behavior
Inelastic behavior, i.e., the inelastic stress-strain response during unloading, [53] might originate from the alternation of dominant deformation mechanisms in hexagonal metals. [2] Understanding the inelastic behavior is deemed important because the influence of the inelastic strain on the springback behavior and the designing constants of elastic modulus and damping [2] and modeling stress and strain curves; (b) relative activities among various deformation mechanisms; (c) the evolution of strains associated with elastic, plastic, slip-induced, and twin-induced; (d) predicted crystallographic textures of the AZ31B sheet at states P 1 , P 2 , and P coefficient is significant. [54, 55] Two important features represent the inelastic behavior (a) strong inelastic deformation occurs during unloading and (b) the instantaneous gradient (dr=de) during unloading is less than the Young's modulus E. We have captured the clear inelastic behavior of extruded bars of Mg alloys during loading and unloading. The alternation of deformation mechanisms corresponds to the inelastic behavior. In particular, the inelastic behavior becomes more profound when detwinning is activated. Here, we studied the inelastic behavior of AZ31B sheet during tension and compression unloading. To explore texture effect, we simulated AZ31B sheets with the rolling texture and a random texture, respectively. Figures 8(a) and 8(b) show the stress-strain curves for AZ31B sheet with the rolling texture and random texture under tensile and compressive loading-unloading along RD. The inelastic strain (e in ) during tensile unloading of the random texture becomes less and less significant, while the inelastic strain during compressive unloading is significant (Figure 8(c) ). However, the magnitude of the inelastic strains of random texture is much larger than that of rolling texture during both tensile and compressive unloading. Corresponding to stress equilibrium and deformation compatibility in polycrystalline, relaxation of stresses and/or strains in a grain is constrained by surrounding grains. Therefore, the diversity of the grain orientations is an important factor to accommodate inelastic strain during unloading. The inelastic strain during compressive unloading of rolling texture remains small up to strain of~5 pct, which is different from extrusion texture. [33] Although the twin volume fraction is as large as 40 pct (Figure 1(b) ), the generated texture is much less diverse than that generated from initial extrusion texture. [33] With increasing the strain level, twinning alters the texture significantly and the inelastic strains become significant at a larger strain level (>5 pct). On the contrary, the inelastic strains during tensile unloading keep small because twinning is not favored (Figure 8(c) ). Figures 8(d) and 8(e) show the twin volume fraction changes from the unloading points at strain of~4 pct and final strain. Detwinning (decrease of the twin volume fraction) is generally more active during compressive unloading than during tensile unloading. Detwinning is enhanced at a higher strain level during compressive unloading, but is weakened during tensile unloading. The different detwinning activities are consistent with the amounts of the inelastic strains shown in Figure 8 (c) and the evolution of the normalized instantaneous gradients shown in Figure 8(f) . Accordingly, the sequence (more decrease to less decrease) of the normalized instantaneous gradients is those of compressive unloading of random texture, tensile unloading of random texture, compressive unloading of rolling texture, and tensile unloading of rolling texture at a strain of~4 pct. The sequence at final strain is those of compressive unloading of random texture, compressive . The blue line in (e) represents the prediction with a high critical resolved shear stress s unloading of rolling texture, tensile unloading of random texture, and tensile unloading of rolling texture.
IV. CONCLUSIONS
We studied plastic deformation behavior of AZ31B sheets with respect to four different strain paths using the EVPSC-TDT model. The following conclusions can be made based on our modeling:
1. EVPSC-TDT model is capable of interpreting the experimental phenomena observed in AZ31B sheets under different loading conditions. 2. Quantitative comparison of the contribution of different deformation mechanisms to plastic deformation explores the dominant deformation mechanisms associated with each loading stage and its correlation to the texture. Twinning is activated during compression and detwinning during tension. Basal hai slip is always activated. Prismatic hai slip is activated under a uniaxial tension or the tension after compression when detwinning exhausted. Pyramidal hc þ ai slip is activated under a uniaxial compression or the compression after tension when twinning saturated.
3. The pre-tension during uniaxial tension-compression-tension along TD affects the subsequent deformation processes slightly. This is attributed to a less alter of the orientation of grains during the tensile pre-strain, because plastic deformation is mainly accommodated by slips. The pre-compression during uniaxial compression-tension-compression affects the subsequent deformation significantly because twinning under pre-compression is activated and alters the orientation of grains massively. The reverse tension during uniaxial compression-tension-compression influences the final compression significantly because detwinning during the reverse tension reorients the twinned grains back to the untwined ones. 4. Significant inelastic behavior is observed during unloading if detwinning is activated. Materials with strong texture show less significant inelastic behavior than those with diverse texture for both tension and compression.
Finally, it is worthy of pointing out that the current meso/macro-scale material modeling codes for hexagonal metals work well under monotonic loadings or cyclic loading for a few number of cycles. The major challenge is to simulate mechanical response of hexagonal metals during cyclic loadings. For example, the discrepancy of the critical twinning/detwinning stress between our simulations and the experiments during cyclic loading imply the necessity of considering the hardening effect on twinning. Experimental studies of Mg single crystal and polycrystalline Mg alloys during cyclic loading reveal complicated microstructure of twins associated with the formation of twin-twin boundaries, [56] such as quilted-looking twin structure, [57] crossing-like twin structure, [57] double/secondary twin structure, [58] and tertiary twins. [59, 60] Yu et al. recently measured the critical resolved shear stresses for twinning and detwinning with respect to the number of cycles and found that these stresses and the corresponding hardening rate during detwinning are greater than those associated with twinning and both of them increase with the number of cycles. [57] Combining with in situ optical microscopic observations, [57] they attributed cyclic hardening to these complicated twin structures developed during cyclic loading. Therefore, how to incorporate such twin-twin interactions in modeling mechanical deformation of hexagonal materials is the future subject for improving the predictive capability of the TDT model.
